Background Impedance measurements by the forced pseudo random noise oscillation technique can be used to study the mechanical characteristics of the respiratory system. The objective of this study was to analyse the changes in impedance to a cold air provocation test in patients with asthma, and to correlate these changes with those in the forced expiratory volume in one second (FEVy Bronchial hyperresponsiveness is one of the key elements in the pathogenesis of asthma, and the assessment of bronchial hyperresponsiveness has become an important diagnostic tool in the lung function laboratory. Bronchial hyperresponsiveness can be assessed using a variety of methods. The forced expiratory volume in one second (FEV,) is generally used as an index of the response in bronchial challenge tests.' Spirometry, however, is dependent on effort, and requires a full inspiratory manoeuvre which may influence bronchial tone2 and hence affect the outcome of bronchial provocation tests.
Significant correlations were calculated between the decrease in FEV, and changes in the various impedance parameters, especially between the decrease in FEV, and the increase in resistance at 8 Hz (r = -0.66), and the decrease in FEV, and the increase in the resonant frequency (r = -0.63). Conclusion Cold air provocation in asthmatic subjects results in changes in the impedance of the respiratory system that correlate well with the changes in FEV,. These Bronchial hyperresponsiveness is one of the key elements in the pathogenesis of asthma, and the assessment of bronchial hyperresponsiveness has become an important diagnostic tool in the lung function laboratory. Bronchial hyperresponsiveness can be assessed using a variety of methods. The forced expiratory volume in one second (FEV,) is generally used as an index of the response in bronchial challenge tests.' Spirometry, however, is dependent on effort, and requires a full inspiratory manoeuvre which may influence bronchial tone2 and hence affect the outcome of bronchial provocation tests.
The measurement of the impedance of the respiratory system with the technique of forced oscillations3 has the benefit of being independent of effort, and it requires little or no cooperation from the patient. The method may therefore be well suited to provocation testing. With computerisation, the technique can easily be implemented, and the impedance of the respiratory system can be determined over a wide frequency range in a short period of time. The technique has been used in bronchial challenge tests by several investigators.4-10 Only a few studies have compared absolute changes in spirometric values with impedance data in induced bronchoconstriction.4s7 11 12 The purpose of the present study was to evaluate the data obtained with the technique of forced oscillations in a provocation test with isocapnic hyperventilation with cold air in patients with bronchial asthma with documented bronchial hyperresponsiveness, and to correlate these data with spirometric indices.
Methods

SUBJECTS
We studied 60 asthmatic subjects (35 male) with a mean (SD) age of 27-9(10-7) years. All subjects had a characteristic history of recurrent attacks of dyspnoea with perceptible wheezing. Mean (SD) forced expiratory volume in one second (FEV,) was 3 7(0 9) litres (97-2(14-6)% of predicted). All Cold air challenge tests were performed using a heat exchanger (Jaeger GmbH, Wurzburg, Germany). The subjects inhaled dry air delivered from a cylinder. The temperature of the air leaving the cooling system was -20°C. The flow of air could be adjusted by a needle valve and was measured by a rotameter. The patients were instructed to breathe at a predetermined ventilation rate of 60% of the predicted indirect maximal breathing capacity'4 by maintaining the size of a guide balloon. To avoid hypocapnia, CO2 was added to the system at a rate of 5% of the predetermined minute ventilation. Hyperventilation was sustained for three minutes, after quiet breathing into the system for one minute. FEV1 was determined with a wet spirometer (Gould Pulmonet III). The best value of three successive measurements was used in the statistical analysis.
The impedance of the respiratory system was measured by the technique of forced oscillations.
Three successive impedance and spirometric measurements were performed before and one minute after the cold air challenge, with the impedance measurements always preceding forced expirations. tions of these various frequencies were applied in succession at the mouth or the chest. Originally, the measurements were performed during voluntary relaxation at the end of a normal expiration. Mead'5 demonstrated that the forced oscillations can be superimposed on the normal breathing pattern.
The technique of forced oscillation used in this study is similar to the method described by Landser et al. '6 The equipment consists of a loudspeaker which amplifies a signal generated by an oscillator, a high impedance side tube which enables the subject to breath spontaneously and a screen type pneumotachograph (fig 1) . In this technique a complex pseudo random noise oscillation signal is used, and various frequencies ranging from 4 to 52 Hz are applied simultaneously. Each frequency starts at a different randomly selected moment. This results in a small overall peak to peak size of the signal to improve the signal to noise ratio. The signal is applied at the mouth during spontaneous quiet breathing. Mouth pressure and flow are recorded by transducers with identical frequency characteristics (Validyne MP45). The recorded signals are fed directly without filtering into a Fourier analysing system, yielding impedance values for each of the investigated frequencies by means of spectral analysis. An ensemble averaging is performed over a time interval of eight seconds to filter out the disturbing signals produced by the breathing of the subject. A coherence function is calculated for each of the frequencies as a criterion for the validity of the measurements. A perfect coherence is indicated by l 0, which means a complete absence of noise and alinearities in the obtained signals. Only those values with a coherence function t 0 95 are retained. Under these conditions the error of the measurements is smaller than 10%. 16 The relationship between pressure and flow is called the impedance. The impedance is divided into a resistance (R) and a reactance (X). The resistance corresponds with the total resistance in a resistance-inductance-capacitance (R-I-C) circuit. The total resistance of the respiratory system is the sum of three resistances in series: the resistance of the central airways, of the peripheral airways, and of the chest wall. The reactance depends on the compliant and inertia properties of the system: a negative reactance is found at lower frequencies as here the reactance is mainly determined by the capacitance of the system. At higher frequencies the reactance is influenced predominantly by the inertia qualities of the air within the airways. ' The reactance then becomes positive. The frequency at which the reactance equals zero is called the resonant frequency.
With the technique used in this study the input impedance is measured, indicating that pressure variations and flow measurements occur at the same site. An alternative approach is to measure the transfer impedance, in which case the pressure variations and flow measurements occur at different sites.
INTERPRETATION OF FORCED OSCILLOMETRY DATA
Impedance data are influenced by the upper extrathoracic airways, the intrathoracic airways, alveolar gas, parenchymal lung tissue, and chest wall tissue. The mechanical properties of each of these components, their structural interactions, and the frequency range over which impedance measurements are obtained, determine to what extent these components influence impedance data. Michaelson et al '8 showed that in patients with chronic obstructive airways disease (COPD), the impedance of the respiratory system is relatively high at low frequencies and decreases to a minimum at higher frequencies when compared with normal subjects. Clement et al'9 compared the frequency dependence of the total respiratory resistance and reactance in patients with airflow obstruction with those in healthy subjects and reported that resistance decreases with increasing frequency and that the reactance is more negative in patients, resulting in increased values for resonant frequency. Similar findings in respiratory impedance have been described in induced bronchoconstriction.5 8 
The increase in resistance (especially at lower frequencies), the decrease in resistance with increasing frequency, and the more negative values of reactance, can be explained by airway obstruction extending to the peripheral airways according to Mead's two compartment lung model where two parallel units are represented by the expansible airways and the air spaces.20 In the presence of an increase in peripheral airway resistance, inclusion of airway compliance into the lung model will result in negative frequency dependence of resistance. In patients with peripheral airway obstruction, the total respiratory resistance decreases with increasing frequency.
Patients with obstructive lung disease who exhibit frequency dependence of compliance also exhibit frequency dependence of resistance.2' This was interpreted as the effect of uneven distribution of the mechanical properties of the lungs. Nagels et al22 measured the resistance and reactance of the respiratory system in healthy subjects and in patients with COPD. They found that in healthy subjects, as well as in patients, the chest wall had a low resistance which decreased with frequency and increased with decreasing lung volume. They concluded that the observed frequency dependence of resistance and the simultaneous increase in resonant frequency can be simulated satisfactorily by Mead 28 This upper airway artefact tends to underestimate the frequency dependence of the resistance and decreases the reactance. Therefore, the cheeks and the floor of the mouth are supported with the palms of the hands during the measurements. '8 Thus the observations in patients with airflow obstruction of higher resistance values (especially at lower frequencies), a decrease in resistance with increasing frequency, decreased reactance values, and a high resonant frequency, can be explained by a high peripheral resistance in parallel with the compliance of the airways. In cases of high peripheral resistance, the resonant frequency is determined predominantly by airway compliance and inertia. DATA 
ANALYSIS
With the forced pseudo random noise oscillation technique, the frequency dependent behaviour of the respiratory system can be measured simultaneously at different frequencies. The differences between the response of the system to low and high frequencies allow the division of the mechanical characteristics into a central and a peripheral compartment.
As a representation of low frequencies 8 Hz was chosen. The impedance at 4 Hz could not be used in our analysis as at this frequency the coherence coefficient was too often below 0 95. Snashall et al'I showed that in this way the error of the measurements is about 10%. Other investigators have used impedance values with a coherence function as low as 0.8829 or 0 93°in their analysis. Van Noord et a16 concluded from a study on histamine provocation in patients with asthma that the reciprocal value of the resistance at 6 Hz was the most suitable index of the technique of forced oscillations, and Lebecque et al31 showed that the concentration of histamine resulting in a 50% increase in the oscillatory resistance at 6 Hz had a sensitivity and specificity of 100% to separate groups of normal and asthmatic children. Wouters et al5 found a highly significant difference in the reciprocal value of the resistance at 8 Hz between normal subjects and patients with asthma after histamine provocation.
To represent higher frequencies 28 methacholine challenge in normal subjects on Significant increases were observed in the two separate days; on one day impedance and mean (SD) resistance at 8 Hz from 0-367 FEV, were measured, while on the second (0 108) kPa/l/s to 0-613 (0-213) kPa/l/s, and day only impedance measurements were per- group.bmj.com on July 7, 2017 -Published by http://thorax.bmj.com/ Downloaded from frequencies, a decrease in reactance at 8 
